Abstract The effect of composition on the magnetic properties and microstructure of as-cast Nd-Fe alloys was investigated. The temperature dependence of the hysteresis loops was studied. The magnetic phases with ordering temperatures in the range from 7 to 50 K and from 420 to 580 K are detected from zero-field cooled (ZFC) and field cooled (FC) dependencies of magnetization. At temperatures below 100 K, the increase of the magnetizing field leads to a sharp increase of the magnetization, which does not saturate in the magnetization field 90 kOe. The correlations between the microstructure and coercivity of the as-cast Nd-Fe alloys are discussed.
Introduction
The Nd-Fe alloys have great interest because of their important role in the sintering process and formation of Nd-Fe-B permanent magnets with large coercivity. The as-cast Fe 16 Nd 84 alloy first reported by Drozzina and Janus [1] [P. 36] in 1935 had coercive force H ci % 4,5 kOe at room temperature (RT). High coercivity (H ci % 8,6 kOe at RT and H ci % 59 kOe at 20 K) in rapidly quenched Nd 40 Fe 60 alloys was reported by Croat [2] [P. 125, 3 P 3161] . The coercive force of the as-cast Nd-rich Nd-Fe alloys is associated with the metastable anisotropic A 1 phase which is formed during crystallization and cooling below the eutectic temperature by decomposition of the Fe-rich regions within the metastable eutectic [4] [P. 215], [5] [P. 5971], [6] [P. L1], [7] [P. 169], [8] [P. 209], [9] [P. 245], [10] [P. L5], [11] [P. 273], [12] [P. 97], [13] [17] [P. 2483] high H ci of the melt-spun Fe-Nd alloys results from the different nonequilibrium hard magnetic phases. The size of the clusters or nanocrystallites in rapidly quenched Fe-Nd alloys is extremely small and its composition analysis was beyond the limits of TEM capacity at the time. Despite the numerous investigations, the elucidation of the physical origin of the high coercivity in Nd-Fe alloys is still remaining as a problem. A comparison of the microstructure and magnetic properties of the melt-spun Nd-Fe alloys should help to clarify the origin and mechanism of the high coercivity at room and cryogenic temperatures.
In the present paper, we examine the effect of the composition of as-cast Fe x Nd 100−x (x = 14-50) alloys on their microstructure and magnetic properties. The relationship between the coercivity and microstructure is also discussed.
Experimental
The Fe x Nd 100−x alloys with x = 14, 28, 38, 50 were arc melted under an Ar atmosphere. The purity of the raw materials was Nd 99.9% and Fe 99.95%. The ingots were cast into a copper mold to prepare bulk samples. Magnetic measurements in the temperature range from 5 to 650 K were measured using a PPMS EverCool-II magnetometer in the maximum magnetizing field up to 90 kOe. The structure of the melt-spun ribbons was characterized by X-ray diffraction (XRD) using Co-Ka radiation. The study of the microstructure was detected by a JEOL JSM-6610LV scanning electron microscope (SEM) and a JEM-1400 transmission electron microscope (TEM) operated at 120 kV. The thin foils for TEM were prepared by ion milling with Ar ions and a glancing angle of 3°.
Results and Discussion
The SEM images of the as-cast alloys with x = 14 and 50 are represented in Fig. 1 [7, 18] and in as-cast Nd-Fe alloys [19, 20] . But the presence in the SAED patterns of the broadened rings with d HKL = 0.3 and 0.21 nm could be corresponded to the unknown A un phase. According to Fig. 2 , the structure of the as-cast samples is comprised of the grains of the crystalline Nd along with amorphous-like regions. The amorphous-like regions in turn consists of nanocrystals of the A un phase embedded in amorphous matrix.
The hysteresis loops for the x = 14 and 50 as-cast samples are shown in Fig. 3 . The hysteresis loop of the as-cast alloys x = 14, 28 (Fig. 3a, b ) and x = 32, 50 (Fig. 3c, d ) differ significantly. First, the as-cast alloys x = 14, 28 have at RT a high coercive force H ci = 4,7 and 4,3 kOe, respectively. The alloys x = 32, 50 have low coercive force H ci = 2,4 and 0,1 kOe, respectively. Second, in the as-cast alloys x = 14, 28 during the temperature decrease from 300 to 100 K the value of M r is maintained, but the width of the hysteresis loops continuously increases along the X axis, that resulting in the growth of coercive force up to 28 kOe (x = 14) and 37 kOe (x = 28) after magnetization in a field of 50 kOe. However, at temperatures below 100 K, a sharp increase of the magnetization (3-4 times) in strong external fields is observed, which is followed by a decrease in coercive force.
In the as-cast alloys x = 38, 50 during the temperature decrease from 300 to 100 K the coercive force practically does not change and remains low (H ci = 2,4 and 0,1 kOe, respectively), but the M s continuously increases and the hysteresis loops have a constricted shape. Low remanence and coercive force of the x = 38 and 50 alloys are the result of the presence in their structure of the soft magnetic Nd 2 Fe 17 phase, the amount of which exceeds 50% (Fig. 1) . The amount of Nd 2 Fe 17 phase was calculated from the SEM images. It can also be assumed that the reason for the expansion of the hysteresis loop at higher fields is the resistance of the spin moments rotation of Nd-based phases, which are ferromagnetic below 50 K and provide a sharp increase of the magnetic moment in a field H ! 50 kOe. At a temperature below 100 K, the magnetization of the x = 14 and 28 ribbons do not reach saturation in the field as high as 90 kOe. Fig. 2a is 1 lm Fig. 3 The temperature dependence of M for the as-cast Fe x Nd 100−x samples with x = 14-50 Figure 4 shows a ZFC and FC thermomagnetic curves for the as-cast x = 14-28 samples, taken in H = 0.5 kOe operating field in the temperature range from 5 to 350 K. Insert (b) shows the initial part of the M(T) curves on a large scale. Three magnetic transitions take place at about T 1 % 7 K, T 2 % 17 K and T 3 % 33 K, respectively, indicating the presence of low-temperature magnetic phases. The data in Fig. 4 allow to assume that the bend of M(T) at around T 1 % 7 K and 17 K corresponds to the antiferromagnetic ordering temperature of the dhcp Nd (the onset of ordering on cubic sites and hexagonal sites, respectively). Curie temperatures at around 33 K may be connected with the fcc allotropic of Nd [21] [P. 1260].
The thermomagnetic curves M(T) in Fig. 5 measured at a temperature higher than 300 K show the ordering temperature at around 550 K. These high-temperature ferromagnetic-paramagnetic transitions should be attributed to the well-known metastable highly anisotropic A 1 phase which is associated with the high coercivity of the as-cast Nd-Fe alloys at RT. Due to the presence of these magnetic phases the magnetization of the Nd-Fe ribbons and as-cast alloys does not saturate in highest magnetization field 90 kOe at temperatures below 100 K.
The temperature dependence of coercive force for the x = 14 and 28 ribbons from 50 to 300 K is shown in Fig. 6a . As in the case of the melt-spun alloys, the temperature dependence shows a linear relationship between H ci 1/2 and T 2/3 in the temperature range 50-300 K for the samples x = 14 and 28 (Fig. 6b) .
These data also demonstrate a good agreement with strong pinning model of domain walls, proposed by Gaunt [22] [P. 261]. The coercivity of the as-cast samples both at room temperature and at lower temperatures may be associated with a domain wall pinning on the nanocrystals inside amorphous-like regions. However, the cause of the high coercivity at temperatures below 50 K is still not clear, since at these temperatures the nanocrystals of Nd-rich phase are ferromagnetic. 
Conclusion
The comparison of the Fe x Nd 100−x alloys, prepared by crystallization in the mold, allowed revealing the influence of the composition on the microstructure and properties of the synthesized alloys. The coexistence of some magnetic phases with ordering temperatures below 50 K takes place in as-cast Nd-Fe alloys. The curves of M(T) at around 7 K and 17 K corresponds to the antiferromagnetic ordering temperature of the dhcp Nd (the onset of ordering on cubic sites and hexagonal sites, respectively). Curie temperature at around 33 K may be connected with the fcc allotropic of Nd, and T C % 47 K may be related to the magnetic transition of the Nd-rich nanocrystals.
The strong pinning model of domain walls can describe the temperature dependence of coercive force of the as-cast alloys in the temperature range 50-250 K, but the cause of the high coercivity at temperatures below 50 K is still not clear. The images or other third party material in this book are included in the chapter's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
